The role of CCS and renewables in tackling climate change  by Koljonen, Tiina et al.
Energy  Procedia  00 (2008) 000–000
Energy
Procedia
www.elsevier.com/locate/XXX
GHGT-9
The role of CCS and renewables in tackling climate change
Tiina Koljonena*, Martti Flyktmana, Antti Lehtiläa, Katri Pahkalab, Esa Peltolaa, Ilkka
Savolainena
aVTT Technical Research Centre of Finland, P.O.Box 1000, FI-02044 VTT, Finland
bMTT Agrifood Research Finalnd,FI-31600 Jokioinen, Finland
Elsevier use only: Received date here; revised date here; accepted date here
Abstract
The need for global and regional clean energy technology investments by 2050 are evaluated in climate policy scenarios with the
bottom-up global ESAP TIAM energy system model. The impacts of the assumed regional CO2 storage potentials as well as
bioenergy and wind power potentials on investments are also investigated by sensitivity analysis. The results of the study indicate
that the demand of both wind and bio energy as well as the utilization of CCS will strongly grow under strict climate policy
scenarios. This can be seen both in terms of electrical capacity and annual capital costs. Although the falling fossil base electrical
capacity will be relatively large until the mid of the century, its monetary value in term on annual capacity costs will be relatively
low.
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1. Introduction
Recent studies indicate that tackling climate change would require transition to nearby zero emission energy
systems during this century [1]. The EU has decided to take the lead internationally by commitment to limiting the
global temperature increase to 2 degrees Celsius above pre-industrial levels by 2100 [2]. The Intergovernmental
Panel on Climate Change [3] has estimated that 2 °C limit would require 50-85% emission reductions by 2050
compared to a present emission level. The European Parliament has proposed an EU CO2 reduction target of 60 to
80% for 2050 as a strategic objective, which means transforming Europe into a highly energy efficient and low CO2
economy catalyzing a new industrial revolution.
According to the IEA Baseline scenario (i.e. business as usual) global energy demand and CO2 emissions will
more than double by 2050 [4]. Deep emission reduction would therefore mean that the demand for renewables and
investments in carbon capture and storage (CCS) would increase drastically during the next decades. However, large
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uncertainties in future global and regional renewable potentials exist today, and the possibility to store CO2
underground could be limited due to political or legal reasons. The regional CO2 storage potentials are not also well
known, and large variation of estimates may be found from the literature.
This paper analyses the role of CCS and renewables, especially bioenergy and wind power, with scenarios
constraining climate change within 2 degree C above preindustrial level. The need for global and regional clean
energy technology investments by 2050 are evaluated in climate policy scenarios with the bottom-up global ESAP
TIAM energy system model. The impacts of the assumed regional CO2 storage potentials as well as bioenergy and
wind power potentials on investments are also investigated by sensitivity analysis. The period from 2050 to 2100
was also included due to long term stabilization of greenhouse gases in the atmosphere.
2. The ETSAP TIAM Model and Scenario Assumptions
2.1. Description of the ETSAP TIAM Model
The TIAM TIMES model has been developed under the IEA Energy Technology Systems Analysis Programme
(ETSAP) [5]. In the TIAM model the energy economy is made up of producers and consumers of commodities, such
as energy carriers, materials, energy services, and emissions. In its basic methodology TIAM is a partial equilibrium
model, which assumes competitive markets for all commodities. The result is a supply-demand equilibrium that
maximizes the net total surplus of consumers and producers. Many market imperfections may, however, also be
taken into account by introducing e.g. taxes, subsidies, limits to technological penetration and hurdle rates. The
basic model is a global energy system model consisting of 15 self-contained regions of the world (see Table 1),
between which trading of crude oil, natural gas, LNG, coal, and carbon permits can take place. In the VTT version
of the model, electricity trade between regions is also included with constraints for investments in future electricity
transmission capacities. The model provides a very technology-detailed basis for estimating the global energy
dynamics over a long-term, multi-period time horizon. The basic structure of the so-called reference energy system
(RES) for each region within the model includes all relevant energy, material, and emission flows from primary
production to the demand of energy services. The TIAM model includes a modeling of all anthropogenic emissions
and control technologies of carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and the F-gases of the Kyoto
protocol. CO2 control technologies also include different forestration options, as well as carbon capture and storage
(CCS) from burning fossil or solid biomass fuels. In total, each region of the model includes about 1500 different
existing and new technologies. Technology databases of the basic TIAM model has been compiled based on VTT’s
own research on developing new technologies and solutions for energy production, industrial processes, transport,
and housing. Depending on the region, energy services have been grouped into 43-60 distinct categories, each of
which has its own baseline demand scenario. The demand projections have been constructed by assigning to each
demand category a primary socio-economic driver, such as the total or sectoral GDP, population, or number of
households. The projections for these drivers are made exogenously to the model.
2.2. Assumptions for the Baseline and Policy Scenarios
In the assumed Baseline scenario (i.e. business as usual) the demand drivers are obtained externally via GEM-E3
general equilibrium model to generate a set of total and sectoral GDP growth rates in the various regions. Table 1
shows the assumed average growth in GDP by TIAM regions in the Baseline scenario up to 2100. For household
and population projections, both GEM-E3 and TIMES models use the data from IPCC and United Nations [7].
Fossil fuel prices, which are basically endogenous in the model, were adjusted for the 2000–2030 period to conform
to the future estimates presented by the IEA [8]. One of the key parameters in the scenario runs are the global and
regional resources estimates. The basic TIAM model database was used for fossil fuels, solar, geothermal, tidal, and
wave energy. For wind power, biomass, and nuclear fuels VTT estimates have been used. Key assumptions related
to power generation from non-fossil energy sources can be found from Syri et al. [9] and in chapter 3.1.
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The EU’s two degree stabilization target by 2100 was taken as a basis for the policy scenario with deep emission
reduction. We have used the climate sensitivity value of 3 °C, which would mean the greenhouse gas emissions’
stabilization target of 450 ppm. Climate sensitivity is not well known, and according to the IPCC [3], the climate
sensitivity is likely to be in the range from 2 to 4.5 °C. In the policy scenario, global emissions trading after 2012
was assumed. In one sensitivity run, fixed greenhouse gas reduction target was set for Annex 1 countries with
constraints to implement CDM type of policies. In this example, a transaction cost of 10 €/t CO2 was assumed for
trading CO2 allowances between Annex 1 and non-Annex-1 countries.
Table 1. The average growth of GDP by TIAM region in the Baseline scenario.
Region 2000-2020 2020-
2050
2050-2100
AFR Africa 3.5% 4.0% 3.5%
AUS Australia – New Zealand 3.4% 2.3% 1.1%
CAN Canada 2.5% 1.3% 1.0%
CHI China (includes Hong Kong, excludes Chinese Taipei) 7.0% 3.6% 1.5%
CSA Central and South America 3.8% 3.0% 2.4%
EEU Eastern Europe 4.5% 3.1% 1.5%
FSU Former Soviet Union (includes the Baltic states) 5.0% 3.9% 2.2%
IND India 7.1% 4.6% 2.3%
JPN Japan 1.6% 1.2% -0.8%
MEA Middle-East (includes Turkey) 4.4% 3.9% 2.6%
MEX Mexico 3.9% 3.1% 2.7%
ODA Other Developing Asia 1) 6.6% 4.2% 2.0%
SKO South-Korea 7.0% 3.6% 1.5%
USA United States 2.2% 1.5% 0.8%
WEU Western Europe (EU-15, Iceland, Malta, Norway, Switzerland) 2.4% 1.1% 0.4%
1) Bangladesh, Brunei, Chinese Taipei, Indonesia, North Korea, Malaysia, Myanmar, Nepal, Pakistan, Philippines, Singapore, Sri Lanka,
Thailand, Vietnam, Southeast islands
3. Assumptions for renewable energy and CO2 Storage Potentials
3.1. Global and Regional Biomass potentials
In 2004 around 46 EJ of bioenergy was used in the form of combustible biomass and wastes, liquid biofuels,
municipal solid waste (MSW), solid biomass, and gaseous fuels [10]. Less than 10% of total biomass used for
energy originates currently from agriculture as residues (crop by-products and manure) and fuel crops. There are a
lot of possibilities to increase energy output from especially agricultural residues which can be used in direct
combustion and as raw material for second generation biofuels.
Below, the assessment of agricultural residues, bioenergy crops, and wood resources are given. The global and
regional biomass potentials were assessed based on the Hoogwijk [11], Smeets and Faaij [12], FAO Statistics, and
own research. The total global bioenergy potential used in the scenario studies was 130 EJ in 2020 and 270 EJ in
2050-2100 respectively. The 270 EJ potential would mean that food would be evenly distributed around world,
people would not drastically increase the use of meat, future rates of deforestation are under control, and that climate
change impacts are not substantial. The assumed shares of wood based bioenergy, biocrops, and agricultural
residues are shown in the Table 2.
To evaluate the potential of residues from crop production it is necessary to know dry matter (DM) yields for the
main crops as well as their harvest index (DM yield/total above ground biomass including seeds and straw). The
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numbers for yields are given in public statistics for example FAO Statistics, and they have to be converted to DM
yields. Harvest index is typical for each species and even sometimes for cultivar. Crop residues means for example
straw from cereals, oilseed crops, pulse crops, and leaves of root crops, bagasse from sugar cane, and empty fruit
bunches from oil palm. Except the theoretical potential, even more important is to know technical and sustainable
potential from the main crop residuals.
Table 2. Assumed global bioenergy potentials in 2020 and 2050.
Year Total, EJ Wood, % Agricultural residues, % Biocrops, %
2020 130 34 23 43
2050 270 21 12 67
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AFR AUS CAN CHI CSA EEU FSU IND JPN MEA MEX ODA SKO USA WEU
EJ
Theoretical Technical
Figure 1. The current theoretical and technical (=theoretical potential – stubble at harvesting) based on the MTT studies.
3.2. Global and Regional wind power potentials
The global and regional wind power potentials were based on country analysis for wind conditions. The data for
assessment were gathered from several literature sources and databases. The main sources were European Wind
Atlas, Russian Wind Atlas, Finnish Wind Atlas, National Renewable Energy Laboratory’s Wind Atlas, and Global
Wind Potentials by Stanford University. The potential estimates were based on mapping of the maximum available
onshore and offshore areas within each geographic region. The wind power potentials were estimated with wind
classes: five wind classes (3-7) for onshore and four wind classes (4-7) for offshore. The maximum installation
densities were 70 kW/km2 for onshore and 7 MW/km2 for offshore wind power respectively. In practice, the onshore
installation density could be much higher, which is already seen in Denmark, Holland and Germany. Onshore
geographic and population density, length of the coastal line and offshore area up to 12 miles were also taken into
account in the evaluations. Finally, the maximum share of wind power from total electricity production was limited
to 25%. Figure 2 shows the regional onshore and offshore wind power potentials used in our scenario calculations.
3.3. Global and Regional CO2 Storage Potentials in Geological Formations
The estimates of the regional CO2 storage potentials are based on the basic TIAM data, public literature sources
(see e.g. [9, 13-17]) as well as expert opinions. The assumed CO2 storage potential didn’t include deep ocean storage
due to its possible ecological impacts on marine ecosystems. In our scenario calculations, the assumed storage
potential in deep saline formations (240 Gt CO2) was within the lowest range of existing studies to take into account
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the limited knowledge and the lack of single accepted method for estimating the storage capacity. Figure 3 shows
the regional CO2 storage potentials in different world regions. The assumed total CO2 potential was 2400 Gt. The
largest potential (1300 Gt) was for depleted oil and gas fields. The global CO2 storage capacities with enhanced oil
recovery (EOR) and enhanced coal bed methane recovery (ECBM) were 150 Gt and 720 Gt respectively. Large
share of the storage capacities were assumed to exist in Asia and Former Soviet Union (FSU) region. However,
storage prospects in these areas include high uncertainties due to lack of relevant information.
Figure 2. Regional wind power estimates based on the VTT studies.
Figure 3.  Estimates for CO2 capture potentials in geological formations.
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4. Scenario Results
Figure 4 shows the global primary energy consumption until 2100. The baseline scenario results are comparable
with the scenarios presented by IEA [4] in terms of total energy consumption and emissions. Figure 5 shows the
investments needed for selected technologies in electricity production. The annual capital expenditure is based on
the assumptions for technology investments including technology learning. In the sensitivity analysis runs we
assumed 40% reduction in global and regional maximum potentials for bioenergy and wind power, and 40%
reduction in global and regional CO2 storage potentials. In the baseline scenario the use of fossil fuels, especially
coal, increase rapidly while in the policy scenario the renewables and nuclear dominate. The annual capital
expenditures in 2050 for both wind power and energy production with CCS were about 200 billion € per year. For
biomass fired energy production the calculated annual investments in 2050 were around 400 billion € per year. It
should be noted that global investments in nuclear power would more than double by 2050 even though investments
in new nuclear capacity were constrained according to the existing policies in developed countries.
Figure 4. Global primary energy consumption in the Baseline and policy scenarios. Sector other: other renewables, waste.
Figure 5. Global investments in heat and power generation in 2020, 2030 and 2050 in the policy scenario. Left figure: Annual capital expenditure
with 10% interest rate.  Right figure: Global electrical capacities (nominal). CCS: fossil fuel fired electricity generation with CCS; Fossil; fossil
fuel fired electricity generation without CCS. The thin vertical lines describe the range of the results from sensitivity studies, where bioenergy
resources, wind energy resources and CO2 storage potential were decreased by 40% each in its own scenario.
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5. Discussion and Conclusions
The bottom-up modeling approach with global TIAM model is based on detailed technological descriptions.
However, the economic demand driving the system is based on a fixed scenario. In the long term the pressures from
the emission reduction can have impact on the economic structure. According to Koljonen et al. [18] this impact is
of moderate nature, however increasing with time.
The emission trading in the model is assumed to cover all sectors. In reality, much of the emission reductions
should be implemented through other policies than emission trading. Emission standards might be used e.g. in the
transport sector and building codes in residential and service sectors. However, emission trading can be seen as a
proxy for other policies aimed at reducing emissions.
The results of the study indicate that the demand of both wind and bio energy as well as the utilization of CCS
will strongly grow under strict climate policy scenarios. This can be seen both in terms of electrical capacity and
annual capital costs. Although the falling fossil base electrical capacity will be relatively large until the mid of the
century, its monetary value in term on annual capacity costs will be relatively low.
The sensitivity analysis for the scenario runs showed that assumed maximum regional potentials of biomass use
would have great impact on future investments for bioenergy technologies. Bioenergy production competes in land
use with food production and according to our own research the estimates used could be too optimistic. Also, the
assumed constrains to utilize wind power had an impact on wind power investments. In this case, the constraints
were selected based on existing technologies and knowledge on infrastructure requirements and could be therefore
misjudged.
One on the single major technologies to tackle climate change was CCS, which accounts for about 10 Gt CO2 per
year emission reduction in 2050. The sensitivity studies for CO2 storage potential indicated that approximately
1500 Gt potential did not change the pathway to achieve the 2 °C limit. The latest literature published after the
scenario calculations indicate that our assumptions especially for enhanced coal bed methane (ECBM) storage
capacities and also storage in oil and gas fields could be too high in our assessments. Also, total potentials for Asia
and Former Soviet Union (FSU) regions could be over estimated.  It is evident that more research would be to
needed to evaluate role of CCS and also renewables in climate change mitigation.
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